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and Stefan Beissert1
Autoimmunity results from loss of mechanisms controlling self-reactivity. Autoimmune disorders play an
increasingly important role and CD40–CD40 ligand (CD40L) interaction on immunocompentent cells is able to
break established immunotolerance. To study the effects of the calcineurin-inhibitor FK506 on CD40L-induced
systemic autoimmunity, CD40L transgenic (tg) mice, which spontaneously develop a mixed connective tissue-
like disease, were treated with FK506 after onset of overt autoimmunity. Interestingly, FK506-treated CD40L tg
mice showed significantly reduced autoimmune dermatitis scores and markedly decreased numbers of lesional
infiltrating leukocytes. This finding was associated with diminished lymphadenopathy induced by FK506
treatment. Furthermore, FK506 suppressed the development of cytotoxic/autoreactive CD8þ T cells as
evidenced by the reduced expression of T cell activation markers in treated CD40L tg mice. Importantly,
FK506 induced a significant reduction in autoantibody titers in the serum of CD40L tg animals. As CD40L tg mice
develop nephritis leading to loss of renal function proteinuria was determined after FK506 injections. Notably,
FK506 treatment re-established renal function as indicated by significantly reduced uric protein concentrations
of treated CD40L tg mice. Together, these findings show the beneficial therapeutic effects of FK506 for the
treatment of CD40L-induced autoimmunity. Additionally, these results demonstrate that FK506 is able to
suppress ongoing severe autoimmune responses.
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INTRODUCTION
Autoimmunity results from a conflict of regulatory immune
mechanisms controlling self-tolerance. Autoimmune disor-
ders can occur locally or as a systemic disease, characterized
by autoantibodies as well as autoreactive T cells. According
to the American Autoimmune Related Diseases Association
autoimmune diseases affect up to 20% of the population in
the United States and especially the involvement of inner
organs such as the liver, the kidneys, or brain have the
potential to develop fatally (http://www.aarda.org/qa-frames.
html). Hence, investigations on treatments, which are
effective and safe, are of practical relevance. Within the skin
autoimmune dermatitis could be successfully controlled by
topical application of calcineurin inhibitors including FK506
(Simon et al., 2004; Bigby, 2005; Lan et al., 2005; Lebwohl
et al., 2005; Reitamo et al., 2005).
FK506 is a hydrophobic macrolide lactone produced by
Streptomyces tsukubaensis that acts as a powerful and
clinically useful immunosuppressant through disruption of
signalling pathways mediated by calcineurin in T lympho-
cytes (Ikezumi et al., 2002; Eckardt et al., 2004; Sugiyama
et al., 2004). Especially the transcription of proinflammatory
cytokines like IL-2, IFN-g, and several T cell activation genes
is reduced after FK506 treatment (Kino et al., 1987; Schreiber,
1991; Clardy, 1995; Canadas et al., 2004; Eckardt et al.,
2004). In addition to its immunosuppressive properties, anti-
inflammatory or antiallergic effects of FK506 have been
described (Keicho et al., 1991; Sakr et al., 1993). Several
clinical trials showed that FK506 is an appropriate alternative
to cyclosporine for graft survival after allogeneic organ
transplantation (Mayer et al., 1997). Besides localized
autoimmunity, FK506 has also been reported to be beneficial
for inflammatory disorders such as atopic dermatitis, lichen
planus, and cutaneous graft-versus-host disease (Ruzicka
et al., 1997; Olivier et al., 2002; Elad et al., 2003).
Nevertheless, systemic side effects including nephrotoxicity
complicate the use of FK506 in human therapy (Platz et al.,
1994).
There is evidence that CD40–CD40 ligand (CD40L)
signalling plays a role in the development of systemic lupus
erythematosus (Koshy et al., 1996; Toubi and Shoenfeld,
2004). Both CD40 receptor as well as CD40L belong to the
tumor necrosis factor (TNF) superfamily and are critical for
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the interaction of dendritic cells with T and B cells.
Accordingly, increased expression of CD40L was found on
CD4þ T cells from lupus patients (Yellin and Thienel, 2000;
Cron, 2003; Grammer et al., 2003). In addition, elevated
concentrations of soluble CD40L were detected in the serum
of patients with lupus and this concentration appeared to
correlate with disease activity (Desai-Mehta et al., 1996;
Koshy et al., 1996; Katsiari et al., 2002). We were therefore
interested to investigate an effective treatment regime for
CD40L-induced systemic autoimmunity. Because topical
FK506 was successfully used to treat autoimmune dermatitis,
we have chosen to study the effects of this calcineurin
inhibitor in a model of CD40L-induced autoimmunity,
CD40L transgenic (tg) mice.
CD40L tg mice overexpress CD40L in basal keratinocytes
leading to constitutive activation of Langerhans cells and
subsequent migration of Langerhans cells from the skin to
draining lymph nodes. In the lymph nodes Langerhans cells
induce prolonged T cell activation finally resulting in the
breakdown of tolerance and the development of a severe
systemic autoimmune disease in approximately 80% of tg
mice at the age of 8–12 weeks (Mehling et al., 2001).
Autoimmunity in CD40L tg mice includes development of
autoimmune dermatitis, production of autoantibodies in the
serum, proteinuria, and nephritis. As shown previously, in
this model activated and autoreactive CD8þ effector T cells
are responsible for the onset of autoimmune dermatitis
because transfer of this cell population into naı¨ve wild-type
(wt) mice induced dermatitis in the recipients comparable
with that observed in CD40L tg animals (Mehling et al.,
2001). Thus, CD40L tg mice provide an ideal model to
evaluate the effects of FK506 on CD40L-induced autoimmu-
nity. Additionally, we intended to analyze whether renal
dysfunction present in CD40L tg mice can be modulated by
systemic FK506 treatment. Therefore, autoimmune-prone
CD40L tg mice and littermate controls were systemically
treated with FK506 over a period of 12 weeks. In the
following, the significant therapeutic effects of FK506 on
various autoimmune parameters are demonstrated.
RESULTS
Systemic FK506 treatment suppresses CD40L-induced
autoimmune dermatitis
FK506 inhibits IL-2 production by blocking calcineurin-
dependent signalling pathways and reduced IL-2 expression
leads to inhibition of T cell proliferation (Dumont et al.,
1990). As described previously, CD40L tg mice overexpres-
sing CD40L in basal keratinocytes of the epidermis develop
spontaneously a severe systemic autoimmune disease includ-
ing scleroderma-like dermatitis (Mehling et al., 2001). To
investigate the effects of systemic FK506 treatment on the
progression of autoimmune disease in CD40L tg mice, groups
of autoimmune-prone CD40L tg mice were treated intraperi-
toneally either with 10 mg/kg FK506, diluted in 100ml
phosphate-buffered saline (PBS) or an equal amount of PBS
three times per week over a period of 12 weeks. Age- and
sex-matched littermates treated identically served as negative
controls. As treatment of CD40L tg mice with low dosages of
FK506 that have been successfully used in other models
(Muraoka et al., 1996) did not result in a significant
amelioration of autoimmune dermatitis (unpublished data),
in this study tg mice were injected with 10 mg/kg FK506 to
analyze whether this concentration is able to reduce
dermatitis in the CD40L mouse model without causing
severe side effects. A similar dose of FK506 has been shown
to inhibit the induction of autoantibodies in mercury-induced
autoimmunity in rodents (Mellergard et al., 2004).
The results in Figure 1a show that CD40L tg mice that
were treated with PBS progressively developed dermatitis
(positive control). In contrast, CD40L tg mice that were
injected with FK506 after disease onset revealed a dramatic
reduction of dermatitis and skin lesions already after 6 weeks
of treatment. Also histopathological analyses of hematoxylin–
eosin-stained sections of the ears showed significantly
decreased ear thickness and hyperkeratosis as well as
significantly reduced numbers of infiltrating lymphocytes
within the dermis in CD40L tg mice treated with FK506
compared to those tg animals treated with PBS (Figure 1b).
After 12 weeks of FK506 treatment, a nearly complete healing
of all skin lesions was observed as shown in Figure 1c by
documenting the degree of autoimmune dermatitis in the
same CD40L tg mouse before and after FK506 treatment.
Immunohistological staining of ear skin revealed a dramatic
reduction of BM8þ mature tissue macrophages as well as
CD4þ and CD8þ T cells, infiltrating the ears of CD40L tg
mice after a 12-week treatment with FK506 (Figure 1d–g and
data not shown). These findings demonstrate that FK506 is
able to markedly reduce ongoing CD40L-induced auto-
immune dermatitis.
Production of autoantibodies is dramatically reduced in CD40L
tg mice treated with FK506
CD40L tg mice have detectable amounts of autoantibodies in
the serum (Mehling et al., 2001). To analyze the presence of
systemic autoantibodies in CD40L tg mice after a 12-week
treatment with FK506, serum was collected and screened for
autoantibodies by indirect immunofluorescence staining
using HEp-2 cells. The data in Figure 2a and b indicate that
sera from all tg mice treated with PBS showed detectable
concentrations of antinuclear antibodies that stained HEp-2
cells in a nucleolar fashion. As expected, wt controls treated
with FK506 or PBS showed no detectable concentrations of
autoantibodies. Importantly, CD40L tg mice that were
systemically treated with FK506 for 12 weeks showed
significantly reduced amounts of antinuclear antibodies in
the serum as demonstrated by the quantification of the
fluorescence intensity of stained HEp-2 cells (Figure 2b),
indicating a significant beneficial effect of FK506 namely the
suppression of autoantibody production by activated B cells.
FK506 treatment restores renal function in CD40L tg mice
One of the well-known side effects of FK506, which is also a
limitation for the application of this drug for treatment of
humans, is the restriction of renal function.
Systemic autoimmune disease in CD40L tg mice is
associated with the development of nephritis resulting in loss
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of renal function as evidenced by enhanced proteinuria and
Ig depositions in the kidney (Mehling et al., 2001).
We have, therefore, evaluated the kidneys to analyze the
effects of FK506 treatment on internal organ function in
autoimmune-prone CD40L tg mice. CD40L tg mice that were
treated with PBS for 12 weeks demonstrated Ig depositions at
the glomeruli of kidney tissue and an increase in glomerular
size and cellularity as shown by hematoxylin–eosin staining
of kidney tissue providing an indication of nephritis
(Figure 3a). These observations were paralleled by enhanced
protein concentrations in the urine of tg mice (Figure 3b).
Interestingly, CD40L tg mice that were treated with FK506 for
12 weeks displayed dramatically less renal Ig depositions
(Figure 3a). Importantly, the renal function was not compro-
mised in FK506-treated CD40L tg mice as evidenced by the
reduced proteinuria (Figure 3b). Additionally, CD40L tg mice
treated with FK506 showed a significant reduction in urinary
albumin excretion compared to PBS-treated tg animals
also pointing to reduced nephritis in FK506-treated CD40L
tg mice (Figure 3c). Together, these findings strongly
suggest that systemic FK506 treatment rescued renal
function as indicated by the reduced proteinuria in treated
CD40L tg mice.
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Figure 1. Systemic FK506 treatment suppresses CD40L-induced autoimmune dermatitis in mice. (a) CD40L tg mice and wt controls (n¼ 18) were injected
intraperitoneally with 10 mg/kg FK506 diluted in PBS or PBS alone three times per week for 12 weeks. Disease development was evaluated weekly by two
independent investigators in a blinded fashion and is shown at the start of treatment, at day 40, and at the end of treatment (day 80). Data are presented
as mean7SD, the * indicates statistical significance (Student’s t-test; Po0.05 vs PBS-treated CD40L tg mice). (b) Typical skin lesions of the ears of CD40L
tg mice and wt controls after a 12-week treatment with FK506 or PBS as well as hematoxylin–eosin staining of skin tissue (Original magnification  100).
(c) Representative skin lesions before and after a 12-week treatment with FK506 of the same CD40L tg mouse are shown. (d–g) Immunofluorescence staining
of ear skin of CD40L tg mice before and after a 12-week treatment with FK506 (red: Evan’s Blue to show the chondral cells of the ears; green: anti-BM8 staining
(d and e) or anti-CD4 staining (f and g)). Original magnification  200, scale bar¼25 mm.
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Figure 2. Systemic FK506 treatment suppressed development of antinuclear
antibodies. (a) Indirect fluorescence staining of HEp-2 cells incubated
with serum from CD40L tg and littermate control mice treated with FK506
or PBS for 12 weeks. Original magnification  200, serum dilution 1:80.
(b) Fluorescence intensity of HEp-2 cells incubated with serum from
CD40L tg mice and wt controls treated with FK506 or PBS. Measurements
of 18 different mice per group are shown and fluorescence intensity of
non-treated wt mice was set 0%. The * indicates statistical significance
(Student’s t-test; Po0.05 vs PBS-treated CD40L tg mice).
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Reduced development of cytotoxic CD8þ T cells in CD40L tg
mice after systemic treatment with FK506
One of the hallmarks of autoimmunity in CD40L tg mice is
the presence of autoreactive CD8þ T cells that elicit tissue
damage. These cytotoxic/autoreactive CD8þ effectors are
predominantly located in cutaneous lesions and cervical
lymph nodes draining inflamed skin. These cervical lymph
nodes show a marked hyperplasia. Transfer of autoreactive
CD8þ T cells into littermate control mice leads to the onset
of autoimmune dermatitis as well as lymph node hyperplasia
in the recipients (Mehling et al., 2001).
To investigate the effects of systemic FK506 treatment on
lymph node hyperplasia in this model, we determined the
size and weight of cervical lymph nodes in CD40L tg mice
and wt controls treated with either FK506 or PBS. Interest-
ingly, lymph node weight in autoimmune-prone tg mice
treated with FK506 was dramatically reduced compared to
CD40L tg mice treated with PBS (Figure 4). This observation
was striking because CD40L tg mice used in this experiment
already had enlarged lymph nodes at the beginning of the
treatment (data not shown). The observed reduction of lymph
node size in CD40L tg mice after a 12-week treatment with
FK506 compared to PBS-treated tg mice was paralleled by a
significant reduction in total cell number of each cervical
lymph node (6.72 10670.72 vs 3.63 10670.93, Table 1).
In contrast, wt mice treated with FK506 over a period of 12
weeks showed no alterations in cellularity in cervical lymph
nodes. These data demonstrate that systemic FK506 injec-
tions over a period of 12 weeks were able to significantly
reduce lymphadenopathy.
Based on this observation, we analyzed the cell popu-
lations in lymph nodes draining cutaneous lesions. Therefore,
single-cell suspensions of cervical lymph nodes were
prepared and analyzed by flow cytometry. Overexpression
of CD40L induced B cell proliferation and autoantibody
production in tg mice (Mehling et al., 2001), which have also
increased cellularity of lymphocytes compared to wt. CD40L
tg mice develop a lymphoproliferative syndrome (Mehling
et al., 2001) and at the time of analysis tg mice had
approximately 3-fold enhanced numbers of total lymph node
cells compared to controls (Table 1). After FK506 treatment,
lymphadenopathy was significantly reduced in CD40L tg
mice (Figure 4 and Table 1). Analyses of B cell numbers from
cervical lymph nodes of CD40L tg mice that had been treated
with PBS or FK506 revealed that a 12-week treatment with
FK506 slightly reduced the percentage of B cells as evidenced
by CD19 marker staining (Table 2). Because of the increased
numbers of total lymphocytes, the absolute numbers of B
cells in the cervical lymph nodes of CD40L tg mice treated
with FK506 were significantly lower than those of CD40L tg
mice treated with PBS. Similar results were detected in the
spleen of CD40L tg mice treated with PBS or FK506 (data not
shown).
Autoimmune dermatitis can be induced in naive recipient
mice upon transfer of activated/cytotoxic CD8þ T cells from
CD40L tg mice indicating that autoreactive T cells are present
in these animals (Mehling et al., 2001). To investigate
whether FK506 treatment alters CD8þ T cell activation,
CD8þ T cell numbers and surface marker expression were
analyzed. CD8þ T cells from lymph nodes of CD40L tg mice
that had been injected with PBS showed high levels of
CD8þCD44high activated T cells and reduced levels of
CD8þCD62Lþ naive T cells (Table 2). In contrast, CD8þ T
cells from FK506-treated CD40L tg mice were markedly
less activated as demonstrated by reduced numbers of
CD44high cells. Additionally, CD40L tg mice treated with
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Figure 3. Reduced proteinuria and rescued renal function in CD40L tg mice
after systemic FK506 treatment. CD40L tg and wt control mice (n¼ 10) were
killed after a 12-week treatment with FK506 or PBS. (a) Hematoxylin–eosin as
well as immunofluorescence staining of renal tissue (Original magnification
400, scale bar¼ 25 mm). IgG (green) and IgM (red) deposits are shown. (b)
Protein concentration in the urine of n¼ 10 mice per group was quantified
using the Bradford reagent. The * indicates statistical significance (Student’s
t-test; Po0.05 vs PBS-treated CD40L tg mice). (c) Quantification of albumin
concentration in the urine of wt and CD40L tg mice treated with PBS or
FK506 (n¼ 10). The * indicates statistical significance (Student’s t-test;
Po0.05 vs PBS-treated CD40L tg mice).
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Figure 4. Reduced lymphadenopathy in CD40L tg mice after systemic FK506
treatment. CD40L tg and wt control mice (n¼8) were killed after a 12-week
treatment with FK506 or PBS and the weight of cervical lymph nodes was
evaluated. The * indicates statistical significance (Student’s t-test; Po0.05 vs
PBS-treated CD40L tg mice).
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FK506 had elevated numbers of CD8þCD62Lþ naive T cells
in cervical lymph nodes. Overall CD8þ T cell numbers as
well as levels of CD8þCD122þCD45RBlow memory T cells
were not changed in cervical lymph nodes of CD40L tg mice
treated with FK506 compared to PBS-treated tg animals
(Table 2).
Because FK506 effects on CD40L-induced autoimmunity
in tg mice could also be explained by the induction of
regulatory T cells, the numbers of CD4þCD25þCTLA-4þ
regulatory T cells in cervical lymph nodes of PBS and FK506
treated CD40L tg mice were analyzed. As shown in Table 2,
no significant differences in regulatory T cell numbers were
observed among the groups.
Particularly activated CD8þ T cells are involved in the
onset of autoimmune dermatitis in CD40L tg mice as the
transfer of total CD8þ T cells induced autoimmune
dermatitis in wt recipient mice (Mehling et al., 2001). Hence,
the observed reduction of this population in tg mice treated
with FK506 might play an important role in the amelioration
of ongoing CD40L-induced autoimmune disease. To directly
address this question CD8þ T cells were prepared from
cervical lymph nodes of PBS and FK506-treated CD40L tg
animals and injected into the tail vein of sex-matched wt
recipient mice. Recipients that received CD8þ T cells from
PBS-treated CD40L tg mice developed skin lesions similar to
those of CD40L tg mice 4 weeks after adoptive cell transfer.
Interestingly, recipients that were injected with CD8þ T cells
from FK506-treated CD40L tg mice did not develop
dermatitis (Figure 5a).
TNF-a is one of the mediators inducing skin lesions in
CD40L tg mice. Consequently, reduced TNF-a expression in
activated/autoreactive CD8þ T cells caused by systemic
FK506 treatment could be responsible for some of the FK506
effects. To investigate this aspect CD8þ T cells were isolated
from cervical lymph nodes of CD40L tg mice after a 12-week
treatment with either PBS or FK506 and subjected to cytokine
quantification. Interestingly, TNF-a production was signifi-
cantly reduced in CD8þ T cells from tg animals that had
Table 1. Total cell numbers per cervical lymph node1
wt+PBS CD40L tg+PBS wt+FK506 CD40L tg+FK506
2.2910670.39 6.72 10670.72 2.83 10670.13 3.63 10670.93
1Data represent mean7SD cellularity of cervical lymph nodes isolated from n=8 mice per group.
PBS, phosphate-buffered saline; tg, transgenic; wt, wild-type.
Table 2. Cell populations in cervical lymph nodes1
wt+PBS wt+FK506 CD40L tg+PBS CD40L tg+FK506
CD19+ B cells 21.27%71.13 22.26%72.13 38.72%73.16 30.91%73.00
CD8+ T cells 25.08%71.17 22.71%72.19 24.54%70.36 23.79%71.52
CD8+CD45RBlow CD122+ memory T cells 3.03%70.55 3.05%70.72 3.82%71.57 3.52%71.48
CD8+CD44+ activated/auto reactive T cells 4.63%70.23 5.55%70.37 15.43%71.75 7.70%70.63
CD8+CD62L+ naive T cells 23.57%71.78 20.29%74.02 10.72%74.40 21.20%72.17
CD4+ T cells 34.84%71.09 35.36%72.33 19.76%72.10 29.08%71.54
CD4+CD25+CTLA-4+ regulatory T cells 6.90%71.25 6.28%72.03 8.77%72.09 7.17%71.92
1Data represent mean percentages7SD of positive cells in cervical lymph nodes of n=8 mice per group.
PBS, phosphate-buffered saline; tg, transgenic; wt, wild-type.
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Figure 5. FK506 controls CD40L-induced activation of cytotoxic/autoreac-
tive CD8þ T cells. (a) Typical skin pathologies of wt mice 4 weeks after
transfer of CD8þ T cells from either PBS- or FK506-treated CD40L tg mice.
(b) TNF-a production of CD8þ T cells isolated from wt or CD40L tg mice after
a 12-week treatment with PBS or FK506 was measured by cytometric bead
array, inflammation kit. Data are presented as mean7SD, the * indicates
statistical significance (Student’s t-test; Po0.05 vs PBS-treated CD40L tg
mice).
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been injected with FK506 compared to PBS-treated tg mice
(Figure 5b), suggesting that FK506 effects in CD40L-induced
autoimmue disease could be mediated by reduced TNF-a
expression. Additionally, expression of suppressive cytokines
like IL-10 was not changed by systemic FK506 treatment
(data not shown).
Together, these findings indicate that injection of FK506
into autoimmune-prone CD40L tg mice was able to control
the activation of cytotoxic CD8þ T cells. Furthermore, these
data suggest that the development of autoreactive T cells can
be inhibited by systemic FK506 treatment.
DISCUSSION
In the present study, we demonstrate that systemic FK506
treatment is able to control CD40L-induced autoimmity in
mice. Increased CD40–CD40L signalling leads to the
spontaneous development of inflammatory skin lesions in tg
mice (Mehling et al., 2001). These skin lesions are
phenotypically as well as histologically similar to the lesion
well-known from different autoimmune disorders like lupus
erythematosus or scleroderma and contain a cellular infiltrate
which consists of CD4þ -, CD8þ T cells, and macrophages.
Systemic treatment of autoimmune-prone CD40L tg mice
with FK506 led to a significant reduction in the development
of autoimmune dermatitis. Additionally, in skin draining
lymph nodes the numbers and activity of autoreactive CD8þ
T cells, which play an important role for the onset of
autoimmune dermatitis, were dramatically reduced as
transfer of CD8þ T cells from FK506-treated mice into naive
wt recipients did not result in the onset of dermatitis. Systemic
FK506 treatment of CD40L tg mice also resulted in a
decreased production of autoantibodies and, importantly, in
FK506-injected tg mice renal function was re-established as
evidenced by reduced proteinuria and reduced Ig depositions
at the glomeruli of kidney tissue.
Treatment with the immunosuppressive agent FK506 has
been previously described for therapy of different dermatoses
including atopic dermatitis, psoriasis, lichen planus, and
vitiligo (Grimes et al., 2004; Lan et al., 2004; Tan and
Langley, 2004; Draelos et al., 2005; Steele et al., 2005).
Especially in vitiligo patients, the presence of high numbers of
activated melanocyte-reactive CD8þ T cells in the blood has
been documented. The FK506 treatment of these patients led
to a dramatic reduction of cytotoxic CD8þ T cells, finally
resulting in the amelioration of disease and a beginning
repigmentation of the skin (Ongenae et al., 2003; Grimes
et al., 2004). These findings are in agreement with our data,
as activated/autoreactive CD8þ T cells are the primary
effectors involved in the development of autoimmune
dermatitis in the CD40L tg mouse model. Injection of
FK506 into autoimmune-prone CD40L tg mice resulted in a
dramatic reduction of inflammatory skin lesions, which was
paralleled by a significant reduction of activated/autoreactive
CD8þ T cells in draining lymph nodes. The reduced numbers
of activated/autoreactive CD8þ T cells in the lymph nodes of
treated animals as well as the reduced TNF-a production by
CD8þ T cells isolated from FK506-treated CD40L mice may
attribute to the immunosuppressive effects of FK506 primarily
affecting T cell proliferation, T cell activation, and the
production of Th1 cytokines. The lack of high numbers of
fully activated CD8þ T cells in the lymph nodes contributes
to the healing of inflammatory lesions, as perhaps effector
functions of these cells are inhibited. As the lymph node
weight and cellularity in FK506-injected CD40L tg mice is
dramatically reduced compared to PBS-injected controls, it is
conceivable that in addition to the suppressed T cell
activation the reduced T cell proliferation may be responsible
for the decreased development of autoimmune dermatitis.
Reduced T cell proliferation may be caused by the
suppressive activity of regulatory T cells (Marie et al.,
2005). It is conceivable that systemic FK506 treatment
induces regulatory T cells mediating the beneficial effects in
CD40L tg mice. However, as demonstrated in this study,
systemic FK506 treatment does not influence the numbers of
CD4þCD25þ regulatory T cells indicating that FK506
directly modulates autoreactive CD8þ T cells instead of
indirectly inducing regulatory T cells that suppress the
activation and proliferation of CD8þ effectors in CD40L tg
mice.
CD40L tg mice develop a local autoimmune disorder, that
becomes manifest in cutaneous lesions, and these mice also
have high levels of autoantibodies produced by activated B
cells in the serum. Moreover, in CD40L tg mice systemic
autoimmunity is characterized by the development of
nephritis and loss of renal function (Mehling et al., 2001).
Strikingly, less antinuclear antibodies were detectable in
CD40L tg mice treated with FK506. Our results are supported
by previous studies indicating that systemic FK506 treatment
of mice is able to decrease serum levels of anti-DNA
antibodies (Sugiyama et al., 2004). Because the numbers of
CD19þ B cells are not significantly reduced in FK506-
injected CD40L tg mice compared to the PBS-treated control
group, it is possible that the reduced production of anti-
nuclear antibodies could be a consequence of impaired Th
function as T cells can provide help to B cells (Fields et al.,
2005). Alternatively, FK506 may also be able to influence B
cell function directly. Our results are congruent with studies
showing that FK506 inhibits in a dose-dependent manner B
cell activation, B cell proliferation, and Ig production of
resting B cells (Minoda et al., 1992; Sakuma et al., 2001;
Schuller et al., 2004).
High-dose FK506 treatment has been reported to cause
nephrotoxicity as well as glomerulosclerosis in some studies
(Muraoka et al., 1996). McCauley et al. (1993a, b) as well as
Andoh et al. (1996) showed that FK506 therapy in humans
with steroid-resistant nephrotic syndrome was accompanied
by a reduction in creatine clearance and a decrease in urinary
excretion of nitric oxide, renal blood flow, and glomerular
filtration rate. Histologically they found a tubular collapse,
vacuolization, and glomerular lesions (McCauley et al.,
1993a, b; Andoh et al., 1996). In the present study, systemic
FK506 treatment does not appear to have detectable
nephrotoxic side effects, limiting its use in CD40L-induced
autoimmunity. This is because it ameliorates autoimmune
nephritis and proteinuria and reduces renal Ig depositions in
CD40L tg mice, although we used a higher dosage (10 mg/kg
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body weight) compared to concentrations suggested to be
suitable for avoiding nephrotoxic side effects (1–5 mg/kg body
weight; Muraoka et al., 1996; Nakahama et al., 1999a, b).
Notably, in CD40L tg mice that were systemically treated
with FK506 renal function was greatly improved as shown by
the dramatically reduced proteinuria and Ig depositions in the
kidneys versus control animals that received PBS. Addition-
ally, no obvious signs of glomerulosclerosis were detectable
in FK506-treated CD40L tg mice, although the single FK506
dosage was higher than in comparable studies (Muraoka
et al., 1996). This effect was possibly due to different treating
procedures because Muraoka et al. (1996) injected FK506
intramuscularly and in the present study FK506 was applied
intraperitoneally. FK506 started ameliorating proteinuria and
increased renal function in autoimmune-prone CD40L tg
mice on day 40. The detailed mechanism by which FK506
suppressed proteinuria in CD40L-induced systemic auto-
immunity is currently under investigation.
In summary the present data suggest that FK506 may be
beneficial for the treatment of CD40L-induced ongoing
systemic autoimmunity.
MATERIALS AND METHODS
Mice
Female autoimmune-prone CD40L tg mice on a DBA/2xC57BL/6 F1
background and DBA/2xC57BL/6 F1 controls were used at the age of
4 months and the experiments were carried out using heterozygous
animals (Mehling et al., 2001). Mice were housed under specific
pathogen-free conditions according to institutional regulations. Mice
were injected intraperitoneally for 12 weeks three times per week
with 10 mg FK506/kg body weight diluted in PBS (kindly provided by
Fujisawa Deutschland, Munich, Germany). Control groups received
an equivalent amount of PBS. Photos of mice were taken using a
Nikon D70s digital camera (Nikon, Duesseldorf, Germany). All
animal studies were conducted under a protocol approved by the
Institutional Animal Care and Use Committee.
Systemic autoimmunity
Development of autoimmunity was determined as described (Loser
et al., 2005). Briefly, groups of CD40L tg mice and littermate
controls treated with PBS or FK506 were evaluated for the onset of
autoimmune dermatitis in a blinded fashion three times per week by
two independent investigators. Localization and size of inflamma-
tory skin lesions were documented according to the dermatitis
scoring system as described (one ear red and swollen¼ 1 point; both
ears red and swollen¼ 2 points; one ear inflamed including
slough¼ 3 points; both ears inflamed including slough¼ 4 points;
both ears and tail inflamed¼ 5 points; both ears, tail, and snout
inflamed¼ 6 points, both ears, tail, and snout inflamed, mouse
cachexic¼ 7 points; Loser et al., 2005). Twelve weeks after the start
of treatment mice were killed and subsequently, antinuclear
antibodies, renal IgG/IgM depositions, skin lesions, and proteinuria
were analyzed.
Histology
Tissues were fixed in formalin and embedded in paraffin. Hematox-
ylin–eosin (DAKO, Hamburg, Germany) staining was performed on
5mm sections according to standard methods (Scholzen et al., 2003).
Immunofluorescence
Immunofluorescence stainings were performed on cryostat sections
of ears and kidneys according to standard methods (Scholzen et al.,
2003). Renal IgG/IgM depositions were detected on cryostat sections
of kidneys stained with FITC-coupled anti-mouse IgG or phycoer-
ythrin-coupled anti-mouse IgM (Becton Dickinson, Heidelberg,
Germany) diluted 1:50 in PBS. Analysis of CD4þ T cell- or
macrophage-infiltrates in the ears was performed by immunofluor-
escence staining using anti-CD4 (clone L3T4 RM4-5, Becton
Dickinson, diluted 1:50 in PBS) as well as a monoclonal antibody
against murine pan macrophages (clone BM8, BMA Biomedicals,
Augst, Switzerland; diluted 1:50 in PBS) and Oregon Green-coupled
secondary antibody (Molecular Probes, Leiden, The Netherlands).
Cryosections were counterstained with Evan’s Blue (J.T. Baker,
Phillipsburg, NJ; diluted 1:1,000 in PBS) to visualize chondral cells
of the ears. Slides were examined using an Olympus BX61
Microscope (Hamburg, Germany) and the MetaMorph software
(Visitron Systems, Puchheim, Germany).
Cell preparation and flow cytometry
Single-cell suspensions of cervical lymph nodes were prepared as
described before (Gunzer et al., 2001). Expression of cell surface
markers was analyzed by standard four-color flow cytometry on a
FACScaliburTM flow cytometer (Becton Dickinson) with CELLQuestTM
software (Becton Dickinson). Cells were stained for FACS analysis in
PBS containing 1% fetal calf serum with the following mouse
monoclonal antibodies: FITC-conjugated anti-CD44 (clone IM7),
anti-CD45RB (clone 16A), anti-CD62L (clone MEL-14), phyco-
erythrin-conjugated anti-CD122 (clone TM-b1), anti-CTLA-4 (clone
UC10-4F10-11), peridinin chlorophyll protein-conjugated anti-CD4
(clone GK1.5), anti-CD19 (clone 1D3), allophycocyanin-conjugated
anti-CD8 (clone 53-6.7), anti-CD25 (clone PC61). Isotype-matched
control antibodies were included in each staining. All antibodies as
well as isotype-matched controls were obtained from Becton
Dickinson.
Detection of antinuclear antibodies
Serum samples were screened for the presence of antinuclear
antibodies by indirect immunofluorescence staining on HEp-2 cells
(LD Labor Diagnostika, Seoul, Korea). Sera from wt or CD40L tg
mice treated with either PBS or FK506 (n¼ 18 mice per group) were
diluted 1:80 in PBS, applied to the slides and incubated for 2 hours.
Slides were then stained with FITC-coupled mouse Igs (Dianova,
Hamburg, Germany), washed, mounted, and examined using an
Olympus BX61 microscope and the MetaMorph software (Visitron
Systems). Fluorescence intensities of nuclei of HEp-2 cells were
quantified after indirect immunofluorescence staining using the
MetaMorph software. Fluorescence intensity of non-treated wt mice
was used as reference and set 0%.
Determination of protein concentration
Protein concentrations in the urine of CD40L tg mice and wt controls
treated with FK506 or PBS were determined using the Bradford
reagent (Biorad, Munich, Germany) according to standard methods.
Urinary albumin excretion was determined using a mouse albumin
ELISA quantitation kit (Bethyl Laboratories, Montgomery, TX)
according to the manufacturer’s instructions.
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Cytometric bead array
The cytokine concentration in culture supernatants of CD8þ T cells
isolated from CD40L tg or wt mice treated with PBS or FK506 for 12
weeks was measured by cytometric bead array (Becton Dickinson)
according to the manufacturer’s instructions. CD8þ T cells (2 106/
ml) were incubated for 5 days and stimulated with plate-bound anti-
CD3 (clone 145-2C11) and anti-CD28 (clone 37.51, both 1mg/ml;
antibodies were obtained from Becton Dickinson) at 371C and 5%
CO2 in 96-well round-bottom plates (Becton Dickinson) in a volume
of 200ml RPMI supplemented with 10% fetal calf serum. Super-
natants were collected and subjected to cytokine quantification
using cytometric bead array kits.
Adoptive T cell transfer
CD8þ T cells were prepared as described (Gunzer et al., 2001) from
cervical lymph nodes of CD40L tg mice after a 12-week treatment
with either PBS or FK506. 107 CD8þ T cells were injected
intravenously into 6-week-old sex-matched DBA/2xC57BL/6F1
recipient mice (n¼ 3). Recipient mice were monitored for the onset
of autoimmune dermatitis by two independent investigators in a
blinded fashion over a period of 6 weeks.
Statistical analysis
The significance of differences between the mean values obtained
was assessed by the Student’s t-test for unpaired data. P-values
o0.05 were considered as being significant. Values are presented as
mean7SD.
CONFLICT OF INTEREST
The authors state no conflict of interest.
ACKNOWLEDGMENTS
The excellent technical assistance of Maik Voskort, Joachim Windau,
and Birgit Geng is gratefully acknowledged. This work was supported
by the German Research Association (DFG) Grant SFB 293 B8 (to S.B.)
and the Interdisciplinary Center of Clinical Research (IZKF) Grant Lo/065/04
(to K.L. and S.B.).
REFERENCES
Andoh TF, Burdmann EA, Fransechini N, Houghton DC, Bennett WM (1996)
Comparison of acute rapamycin nephrotoxicity with cyclosporine and
FK506. Kidney Int 50:1110–7
Bigby M (2005) Pimecrolimus and tacrolimus for the treatment of
intertriginous and facial psoriasis: are they effective? Arch Dermatol 141:
1152–3
Canadas O, Guerrero R, Garcia-Canero R, Orellana G, Menendez M, Casals
C (2004) Characterization of liposomal tacrolimus in lung surfactant-like
phospholipids and evaluation of its immunosuppressive activity.
Biochemistry 43:9926–38
Clardy J (1995) The chemistry of signal transduction. Proc Natl Acad Sci USA
92:56–61
Cron RQ (2003) CD154 transcriptional regulation in primary human CD4T
cells. Immunol Res 27:185–202
Desai-Mehta A, Lu L, Ramsey-Goldman R, Datta SK (1996) Hyperexpression
of CD40 ligand by B and T cells in human lupus and its role in
pathogenic autoantibody production. J Clin Invest 97:2063–73
Draelos Z, Nayak A, Pariser D, Shupack JL, Chon K, Abrams B et al. (2005)
Pharmacokinetics of topical calcineurin inhibitors in adult atopic
dermatitis: a randomized, investigator-blind comparison. J Am Acad
Dermatol 53:602–9
Dumont FJ, Staruch MJ, Koprak SL, Melino MR, Sigal NH (1990) Distinct
mechanisms of suppression of murine T cell activation by the related
macrolides FK-506 and rapamycin. J Immunol 144:251–8
Eckardt A, Starke O, Stadler M, Reuter C, Hertenstein B (2004) Severe oral
chronic graft-versus-host disease following allogeneic bone marrow
transplantation: highly effective treatment with topical tacrolimus. Oral
Oncol 40:811–4
Elad S, Or R, Resnick I, Shapira MY (2003) Topical tacrolimus – a novel
treatment alternative for cutaneous chronic graft-versus-host-disease.
Transpl Int 16:665–70
Fields ML, Nish SA, Hondowicz BD, Metzgar MH, Wharton GN, Caton AJ
et al. (2005) The influence of effector T cells and Fas ligand on lupus-
associated B cells. J Immunol 175:104–11
Grammer AC, Slota R, Fischer R, Gur H, Girschick H, Yarboro C et al. (2003)
Abnormal germinal center reactions in systemic lupus erythematosus
demonstrated by blockade of CD154–CD40 interactions. J Clin Invest
112:1506–20
Grimes PE, Morris R, Avaniss-Aghajani E, Soriano T, Meraz M, Metzger A
(2004) Topical tacrolimus therapy for vitiligo: therapeutic responses and
skin messenger RNA expression of proinflammatory cytokines. J Am
Acad Dermatol 51:52–61
Gunzer M, Weishaupt C, Planelles L, Grabbe S (2001) Two-step negative
enrichment of CD4+ and CD8+ T cells from murine spleen via nylon
wool adherence and an optimized antibody cocktail. J Immunol
Methods 258:55–63
Ikezumi Y, Kanno K, Koike H, Tomita M, Uchiyama M, Shimizu F et al.
(2002) FK506 ameliorates proteinuria and glomerular lesions induced by
anti Thy1.1 monoclonal antibody 1-22-3. Kidney Int 61:1339–50
Katsiari CG, Liossis SN, Souliotis VL, Dimopoulos AM, Manoussakis MN,
Sfikakis PP (2002) Aberrant expression of the costimulatory molecule
CD40 ligand on monocytes from patients with systemic lupus
erythematosus. Clin Immunol 103:54–62
Keicho N, Sawada S, Kitamura K, Yotsumoto H, Takaku F (1991) Effects of
an immunosuppressant, FK506, on interleukin 1 alpha production
by human macrophages and a macrophage-like cell line, U937.
Cell Immunol 132:285–94
Kino T, Hatanaka H, Hashimoto M, Nishiyama H, Goto T, Okuahara M et al.
(1987) FK-506, a novel immunosuppressant isolated from a Streptomyces
I. Fermentation, isolation and physico-chemical and biological charac-
teristics. J Antibiot (Tokyo) 40:1249–55
Koshy M, Berger D, Crow MK (1996) Increased expression of CD40
ligand on systemic lupus erythematosus lymphocytes. J Clin Invest
98:826–37
Lan CC, Chen GS, Chiou MH, Wu CS, Chang CH, Yu HS (2005) FK506
promotes melanocyte and melanoblast growth and creates a favourable
milieu for cell migration via keratinocytes: possible mechanisms of how
tacrolimus ointment induces repigmentation in patients with vitiligo. Br J
Dermatol 153:498–505
Lan CC, Kao YH, Huang SM, Yu HS, Chen GS (2004) FK506 independently
upregulates transforming growth factor beta and downregulates induci-
ble nitric oxide synthase in cultured human keratinocytes: possible
mechanisms of how tacrolimus ointment interacts with atopic skin.
Br J Dermatol 151:679–84
Lebwohl M, Freeman A, Chapman MS, Feldman S, Hartle J, Henning A
(2005) Proven efficacy of tacrolimus for facial and intertriginous
psoriasis. Arch Dermatol 141:1154
Loser K, Hansen W, Apelt J, Balkow S, Buer J, Beissert S (2005) In vitro-
generated regulatory T cells induced by Foxp3-retrovirus infection
control murine contact allergy and systemic autoimmunity. Gene
Therapy 12:1294–304
Marie JC, Letterio JJ, Gavin M, Rudensky AJ (2005) TGF-beta 1 maintains
suppressor function and Foxp3 expression in CD4+CD25+ regulatory T
cells. J Exp Med 201:1061–7
Mayer AD, Dmitrewski J, Squifflet JP, Besse T, Grabensee B, Klein B et al.
(1997) Multicenter randomized trial comparing tacrolimus (FK506) and
cyclosporine in the prevention of renal allograft rejection: a report of the
European Tacrolimus Multicenter Renal Study Group. Transplantation
64:436–43
1314 Journal of Investigative Dermatology (2006), Volume 126
K Loser et al.
FK506 Controls CD40L-Induced Autoimmunity
McCauley J, Shapiro R, Ellis D, Igdal H, Tzakis A, Starzl TE (1993a) Pilot trial
of FK506 in the management of steroid-resistant nephrotic syndrome.
Nephrol Dial Transplant 8:1286–90
McCauley J, Shapiro R, Woods H, Scantlebury V, Irish W, McMichael J et al.
(1993b) Renal transplantation under FK506 in African-Americans: early
experience. Transplant Proc 25:2468–9
Mehling A, Loser K, Varga G, Metze D, Luger TA, Schwarz T et al. (2001)
Overexpression of CD40 ligand in murine epidermis results in chronic
skin inflammation and systemic autoimmunity. J Exp Med 194:615–28
Mellergard J, Havarinasab S, Hultman P (2004) Short- and long-term effects of
T-cell modulating agents in experimental autoimmunity. Toxicology
196:197–209
Minoda M, Ohno M, Tomioka Y, Hamada K, Yamazoe Y, Higashikawa M
et al. (1992) Effects of gamma-interferon and FK506 on resting B cell
proliferation of New Zealand black/white F1 mice. Microbiol Immunol
36:885–94
Muraoka K, Fujimoto K, Sun X, Yoshioka K, Shimizu K, Yagi M et al. (1996)
Immunosuppressant FK506 induces interleukin-6 production through the
activation of transcription factor nuclear factor (NF)-kapa (B). Implica-
tions for FK506 nephropathy. J Clin Invest 97:2433–9
Nakahama H, Obata K, Matsuyama T, Sugita M, Horio M, Oka K et al.
(1999a) Effect of a novel immunosuppressant, FK506, on autoimmune
glomerulonephritis in Brown Norway rats. Nephron 81:215–20
Nakahama H, Obata K, Sugita M, Horio M, Oka K, Moriyama T (1999b) Effect
of FK506 in the treatment of autoimmune glomerulonephritis in Brown
Norway rats. Nephron 81:421–7
Olivier V, Lacour JP, Mousnier A, Garraffo R, Monteil RA, Ortonne JP (2002)
Treatment of chronic erosive oral lichen planus with low concentrations
of topical tacrolimus: an open prospective study. Arch Dermatol 138:
1335–8
Ongenae K, Van Geel N, Naeyaert JM (2003) Evidence for an autoimmune
pathogenesis of vitiligo. Pigment Cell Res 16:90–100
Platz KP, Mueller AR, Blumhardt G, Bachmann S, Bechstein WO, Kahl A et al.
(1994) Nephrotoxicity following orthotopic liver transplantation. A
comparison between cyclosporine and FK506. Transplantation 58:170–8
Reitamo S, Ortonne JP, Sand C, Cambazardt F, Bieber I, Fo¨lster-Holst R et al.
(2005) European Tacrolimus Ointment Study Group: a multicentre,
randomized, double-blind, controlled study of long-term treatment with
0.1% tacrolimus ointment in adults with moderate to severe atopic
dermatitis. Br J Dermatol 152:1282–9
Ruzicka T, Bieber T, Schopf E, Rubins A, Dobozy A, Bos JD et al. (1997) A
short-term trial of tacrolimus ointment for atopic dermatitis. European
Tacrolimus Multicenter Atopic Dermatitis Study. N Engl J Med 337:
816–21
Sakr MF, McClain CJ, Gavaler JS, Zetti GM, Starzl TE, Van Thiel DH (1993)
FK506 pre-treatment is associated with reduced levels of tumor necrosis
factor and interleukin 6 following hepatic ischemia/reperfusion.
J Hepatol 17:301–7
Sakuma S, Kato Y, Nishigaki F, Magari K, Miyata S, Ohkubo Y et al. (2001)
Effects of FK506 and other immunosuppressive anti-rheumatic agents
on T cell activation mediated IL-6 and IgM production in vitro.
Int Immunopharmacol 1:749–57
Scholzen TE, Stander S, Riemann H, Brzoska T, Luger TA (2003) Modu-
lation of cutaneous inflammation by angiotensin-converting enzyme.
J Immunol 170:3866–73
Schreiber SL (1991) Chemistry and biology of the immunophilins and their
immunosuppressive ligands. Science 251:283–7
Schuller E, Oppel T, Bornhovd E, Wetzel S, Wollenberg A (2004) Tacrolimus
ointment causes inflammatory dendritic epidermal cell depletion but no
Langerhans cell apoptosis in patients with atopic dermatitis. J Allergy
Clin Immunol 114:137–43
Simon D, Vassina E, Yousefi S, Kozlowski E, Braathen LR, Simon HU (2004)
Reduced dermal infiltration of cytokine-expressing inflammatory cells in
atopic dermatitis after short-term topical tacrolimus treatment. J Allergy
Clin Immunol 114:887–95
Steele JA, Choi C, Kwong PC (2005) Topical tacrolimus in the treatment of
inverse psoriasis in children. J Am Acad Dermatol 53:713–6
Sugiyama M, Funauchi M, Yamagata T, Nozaki Y, Yoo BS, Ikoma S
et al. (2004) Predominant inhibition of Th1 cytokines in New Zealand
black/white F1 mice treated with FK506. Scand J Rheumatol 33:
108–14
Tan J, Langley R (2004) Safety and efficacy of tacrolimus ointment 0.1%
(Protopic) in atopic dermatitis: a Canadian open-label multicenter study.
J Cutan Med Surg 8:213–9
Toubi E, Shoenfeld Y (2004) The role of CD40–CD154 interactions in
autoimmunity and the benefit of disrupting this pathway. Autoimmunity
37:457–64
Yellin MJ, Thienel U (2000) T cells in the pathogenesis of systemic lupus
erythematosus: potential roles of CD154–CD40 interactions and
costimulatory molecules. Curr Rheumatol Rep 2:24–31
www.jidonline.org 1315
K Loser et al.
FK506 Controls CD40L-Induced Autoimmunity
